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ABSTRACT

The advent o f low cos t microcomputer hardware has
prov ided t h e capab i l i t y f o r soph is t i ca ted c o n t r o l o f
robot machinery, al lowing such features as st ra ight l ine
t r a j e c t o r y motions, sensory i n t e r a c t i o n , works ta t ion
in tegra t ion , e x t e r n a l database access and o f f - l i n e
programming.

The foundat ion o f t hese c a p a b i l i t i e s l i e s . in t h e
a r c h i t e c t u r e o f t h e computer hardware and s o f t w a r e
system. T h i s r e a l - t i m e con t ro l a r c h i t e c t u r e must
p r o v i d e t h e framework f o r a l o g i c a l par t i t ion ing and
s t ruc tu r ing o f t h e c o n t r o l tasks i n t o funct ionalay
separate modules that are bounded by well - defined data
in ter faces. It i s through t h i s architecture def in i t ion
t h a t robot c o n t r o l l e r s can be designed and bu i l t tha t
a l low enhancement o f con t ro l s t ra teg ies through upgrades
i n isolated modules, addit ion o f sensors for r e a l - t i m e
m o d i f i c a t i o n o f b e h a v i o r , and i n t e g r a t i o n i n t o
workstat ions communicating w i t h e x t e r n a l knowledge bases
through t h e use o f defined data in ter faces.

Th is paper will repor t on such an architecture for rea l -
t i m e oontro l . The fundamental bui ld ing 'b lock i s t h e
input-process -output structure. From t h i s i s der ived a
gener ic cont ro l l e v e l t h a t can be stacked in to mult iple
l e v e l s t o prov ide an environment fo r h i e r a r c h i c a l
decomposi t ion o f t h e task. The more complex t h e task ,
t h e more l e v e l s t h a t a r e required. E f f i c i e n c y and
r e l i a b i l i t y a r e obtained through a highly i n t e r a c t i v e
use r i n t e r f a c e with d i a g n o s t i c probing and d isp lay
capab i l i t y t h a t a l l o w s quick evaluation and modi f ica t ion
as required to accomplish t h e intended tasks.
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I. INTRODUCTION-
The a b i l i t y o f a robot t o car ry out a programmed task
success fu l l y i s dependent, t o a l a r g e p a r t , on t h e
c o n t r o l system t h a t runs it. Since robots were f i r s t
introduced, 15 o r 20 years ago, t h e i r con t ro l systems
h a v e improved d r a m a t i c a l l y , p r i m a r i l y due t o t h e
in t roduct ion o f high -speed, low-cost, ve ry powerful
computer systems and t h e corresponding s o p h i s t i c a t e d
sof tware required t o generate rea l - t ime control. This
paper will attempt to address the development o f these
c o n t r o l systems and part i t i on them into four ma jo r
c lasses. Each o f these will b e descr ibed by a s e t o f
c h a r a c t e r i s t i c s , w i t h some perce ived advantages and
disadvantages tha t he lp dist inguish one from the other.
These c lasses a r e a r b i t r a r y i n t h e i r pa r t i t i on ing but
h e l p t o demonstrate t h e range of c a p a b i l i t i e s and t h e
s i g n i f i c a n t contr ibut ing fac to rs t h a t a l l o w c e r t a i n
capabiliti e s.
It will b e shown i n the four d i f f e r e n t c lasses o f
c o n t r o l l e r s o u t l i n e d i n t h i s p a p e r , t h a t t h e
c a p a b i l i t i e s o f t h e robots increase with t h e use o f
sensory i n f o r m a t i o n and w i t h t h e i r integration in to
la rge r systems. However, these addi t ional capab i l i t i es
come a t the cost o f more complexity in the information
processing. T h i s paper will a l s o descr ibe t h e research
into robot con t ro l le r archi tectures present ly being done
a t the National Bureau o f Standards.

The major r e q u i r e m e n t s t h a t these systems will b e
measured aga ins t a re modulari ty, f l e x i b i l i t y and
re l iab i l i ty . Modular i ty describes the abi l i ty to e a s i l y
add new capab i l i t i e s or components to the system such as
d i f f e r e n t sensors, d i f f e r e n t robots with d i f f e r e n t
mechanical configurations, and the abi l i ty to in tegrate
the con t ro l le r into workstations o f which the robot i s
only one p a r t . That i s , modu la r i t y i s t h e a b i l i t y t o
t r e a t var ious func t iona l p a r t s o f a l a rge system as
d i s t i n c t components which can be rep laced w i t h o ther
modules as long as they carry out the function and meet
the interfaces.

F l e x i b i l i t y describes t h e control system’s ab i l i t y t o be
r e p r o g r a m m e d t o h a n d l e d i f f e r e n t p a r t s i n t h e
environment: t o do d i f f e r e n t tasks: t o handle d i f f e r e n t
work environments i n the sense o f d i f f e r e n t trajectory
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paths, d i f f e r e n t avoidance maneuvers, d i f f e r e n t approach
and departure paths to and from the various work pieces.
Thus, f l e x i b i l i t y i s the abi l i ty t o deal with changes i n
the application task of the robot.

R e l i a b i l i t y i s concerned with t h e b a s i c a b i l i t y o f t h e
user t o understand t h e system t h a t h e has created, so
t h a t he can ensure t h a t it will do what i s intended. To
t h i s end it i s important to have a system comprehensible
t o t h e use r a t a l l l e v e l s o f d e t a i l , t o have e x t e n s i v e
d iagnos t i c c a p a b i l i t i e s , and t o be i n t e r a c t i v e i n t h e
sense t h a t t h e user can probe t h e system, can put i n
ce r ta i n conditions, and quickly see what the response o f
t h e system will be.

11. CLASSIFICATIONS OF ROBOT CONTROLLERS- --
The four major c l a s s i f i c a t i o n s o f robot control lers that
will be made are: 1) the record/play -back, 2) computer
ass is ted record/play -back, 3) programming language based
cont ro l system, and 4) fourth generation controllers.

11.1. Record/Playback Controller -

The f i r s t type 0-f con t ro l l e r , record/playback, i s
bas i ca l l y a system that looks l i k e a tape recorder. The
user can lead t h e robot through a s e r i e s o f po in ts i n
space, recording each o f these points, essen t i a l l y on a
tape recorder, t o be played back a t some l a t e r time. An
advantage o f t h i s system i s that the user i n t e r a c t i v e l y
programs t h e robo t and sees e x a c t l y what h e i s t e l l i n g
it to do. There i s a single sequence through space that
t h e rpbot i s a l l owed t o f o l l o w tha t i s v i s i b l e t o t h e
user dur ing programming and it i s t h i s sequence, and
only t h i s sequence, t h a t i s repeated over and over
again.

A disadvantage o f t h i s t y p e o f system i s t h a t it can be
ve ry tedious fo r t h e user t o program p r e c i s i o n tasks
w i t h t h e robot. Most robots include revolute jo ints . I n
t h i s j o i n t space it i s not easy t o c o n t r o l s t r a i g h t -
l i n e motion o f t h e robot, or t o cause t h e t o o l - t i p o f
t h e robot t o move along some a r b i t r a r y p a t h by moving
these r o t a t i n g j o i n t s . Thus, v e r y p r e c i s e pos i t ion ing
o f the end point and the or ientat ion o f the robot can b e
very tedious, t i m e consuming and d i f f i cu l t .
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Another disadvantage o f the system l i e s in the inabil i ty
t o eas i l y m o d i f y what the robot has been p r o g r a m m e d t o
do. The points a re p layed back i n t h e same sequence
tha t they were recorded. This means t h a t i f t he use r
wan t s t h e robot t o move t o a s l i g h t l y d i f f e r e n t
in termediate point, he must again lead the robot through
t h e sequence up to t h a t point, re - record t h e new
pos i t ion , and then t h e robot can play back t h e new
sequence. It i s not p o s s i b l e to i n s e r t add i t i ona l
points, nor delete points out o f t h e sequence, 80 there
i s a lack o f f l e x i b i l i t y i n being a b l e t o program new
tasks or t o handle d i f f e r e n t p a r t s with t h e system.
Moreover, a stored program taught on one robot cannot be
t r a n s f e r r e d t o another robot o f t h e same t y p e and have
the same task t ra j ec to r i es executed. This i s mainly due
to the dif ferences in link lengths, jo int or ientat ions,
s l i gh t l y d i f f e r e n t placements of jo int posi t ion sensors,
and d i f f e r e n t values o f g a i n parameters i n t h e servo
systems.
In addit ion, t h i s p a r t i c u l a r type o f c o n t r o l l e r has no
decis ion capabi l i ty. It i s not capable o f branching t o
c a r r y out one o f two a l t e r n a t i v e task sequences: it
must fo l low a single sequence o f recorded points. This
means t h a t it i s not p o e s i b l e for t h e c o n t r o l l e r t o
i n t e r a c t with s i m p l e sensors or other devices such as
w o r k s t a t ion c o n t r o l l e r s or machine - tool c o n t r o l l e r s .
Thus, t h e tasks t h a t t h i s t y p e o f con t ro l system can
d e a l with are only those tasks t h a t can b e accu ra te l y
and r e l i a b l y defined by a sequence o f f i xed points that
the robot must fol low through space. I f the er ror that
t h e robot has i n i t s r e p e a t a b i l i t y i n ge t t ing t o these
points , added t o t h e t h e misa l ignment o f t h e pa r t s ,
r e s u l t s , i n an o f f s e t g rea te r than t h a t requ i red f o r
s u c c e s s f u l comple t ion o f t h e task, then t h i s type o f
cont ro l ler cannot be used.

11.2. Computer Assisted Record/Playback

The second type cont ro l ler i s that o f computer ass is ted
record/play -back. A computer t h a t pe r fo rms c e r t a i n
l i m i t e d b a s i c funct ions has been added t o enhance t h e
u s e r ' s a b i l i t y t o program t h e robot. The main fea tu re
provided by computer -assist i s the' ab i l i t y to ca lcu la te
the transformation from some def ined coordinate system
t o t h e j o i n t c o o r d i n a t e s o f t h e robo t . These
c o n t r o l l e r s a l l o w t h e user t o program s t r a i g h t l i ne
motions, motions about a tool - point a x i s and o t h e r
t r a j e c t o r i e s which r e f e r e n c e some r e l a t i v e l y robot
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independent coordinate system. That i s , t h e user can
desc r i be t h e p o s i t i o n or mot ion o f t h e t o o l point i n a
convenient representa t ion, and t h a t pos i t i on will be
transformed into the proper jo int values for the robot.
The user s t i l l has the advantage o f being able to teach -
program t h e robot, thus i n t e r a c t i v e l y seeing what t h e
robot i s going t o do during t h e execut ion o f t h e task.
Bu t now, programming i s e a s i e r s i n c e t h e user, through
t h e joy - st ick , commands motions along s t r a i g h t - l i n e
p a t h s , and o r i e n t s t h e end e f f e c t o r f o r p r e c i s e
p o s i t i o n i n g m o r e e a s i l y than by j o i n t space
manipulations.

These cont ro l le rs provide a higher degree of t ra jec to ry
c o n t r o l during e x e c u t i o n than t h e reco rd /p layback
contro l lers. That is , even though the programming s t i l l
c o n s i s t s o f r e c o r d i n g on ly t h e end p o i n t s o f t h e
t ra jec to r ies , the executed t r a jec to r ies can be straight
l i n e s r a t h e r t h e a rc t y p e motions about t h e r o t a r y
jo in t s . T h i s s t r a i g h t l i n e mot ion i s due t o t h e r e a l -
t i m e computation o f the coordinate transformations. The
end points a r e s t o r e d i n t h e f o r m o f some workspace
c o o r d i n a t e s such as C a r t e s i a n , c y c l i n d r i c a l o r
s p h e r i c a l . I n t e r m e d i a t e t r a j e c t o r y p o i n t s a r e
c a l c u l a t e d during e x e c u t i o n and transformed t o t h e
corresponding robot jo in t coordinate values. This

- r e s u l t s i n control led - tra jectory motion in the workspace
coordinate system.

A further feature provided by computer assistance i s t h e
a b i l i t y t o e d i t t h e programs t h a t have been generated.
The u s e r i s a l lowed t o modify t h e t r a j e c t o r y p a t h s o f
t h e robo t by t h e add i t i on or de le t ion o f two or more
points without being forced t o re- record the remaining
po in ts ,of the sequence.

In addi t ion, computer a s s i s t e d c o n t r o l l e r s usua l ly
p rov ide t h e a b i l i t y t o do s i m p l e branching between
d i f f e r e n t sequences o f pa ths based upon some input
value. In t h i s manner t h e contro l ler for the robot can
use s i m p l e binary sw i t ches t o d e t e r m i n e a l t e r n a t i v e
a c t i o n s . For i n s t a n c e , a sensor may b e used t o
dist inguish between t w o d i f f e ren t l y shaped parts. The
robot i s p r o g r a m m e d w i t h two d i f fe rent procedures, one
for each of the parts. Depending upon the binary value
read i n from the sensor, t h e contro l ler branches t o one
or the other o f these sequences.
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I n t e r l o c k c a p a b i l i t i e s a r e a l s o p rov ided . The
c o n t r o l l e r may be h a l t e d a t a def ined point i n the
program unt i l a signal from an ex te rna l device indicates
the appropriate t i m e to continue. For example, w h e n a
machine toolhas finished a c u t 8 it may ind icate through
a s w i t c h t h a t t h e con t ro l l e r can now send t h e robot in to .
t he work environment t o p ick up t h e pa r t . A computer
a s s i s t e d c o n t r o l l e r may a l s o generate output s igna ls
that can be used for a p o s i t i v e handshake interlock with
other devices.

The interaction with sensors is8 however, very l i m i t e d
with t h i s type o f contro l ler . It can handle the binary
type o f sensors , but does n o t have s u f f i c i e n t
programming c a p a b i l i t y a v a i l a b l e t o the user t o a l l o w
f o r t h e branching and a n a l y s i s r e q u i r e d by t h e
soph is t i ca ted data tha t would come back from complex
sensors such as vision, force and torque, or proximity.

11.3. Programming Language Based Control System

The third type o f c o n t r o l l e r i s supported by a fu l l
computer programming language. These are the computer
based programming systems - that have become avai lable i n
t h e p a s t f e w y e a r s (2 - 4) . They o f f e r t h e use r t h e
a b i l i t y to - do comp lex d e c i s i o n programming and
processing. Control programs can be w r i t t e n so tha t data
from d i f f e r e n t sensors such as vision, proximity, force
and torque, can be processed and decisions made based on
t h i s information. This programming capabil ity includes
t h e a b i l i t y t o e d i t t h e programs and do e s s e n t i a l l y
t o t a l o f f - l i n e programming i f t h e coordinates o f the
workspace a r e w e l l known. In most cases they a r e not
p r e c i s e l y known, t h e r e f o r e some method o f t e a c h -
programming must s t i l l res ide with these systems to move
t h e robot t o c e r t a i n points i n space for a p a r t i c u l a r
task, record t h e coordinates o f these po in t s i n jo in t
space and t r a n s f o r m them back into C a r t e s i a n space.
Once t h i s data i s entered i n t o t h e system, however, it
can be ed i ted , moved, or modif ied. Approach pa ths t o a
point can be defined by algorithms t h a t will determine
how t o vary t h e p a t h o f t h e robot based on a v a i l a b l e
sensory data. T ra jec to ry paths between po in ts may b e
constrained to fol low a predefined surface, ra the r than
mere ly stra ight l ine motions. The task can essen t i a l l y
be constructed as a computer program.
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A number o f convenient l i b ra r y r o u t i n e s o r p r i m i t i v e s
may b e provided with the system. Usually there e x i s t s a
t r a j e c t o r y a lgor i thm used t o generate pa ths i n space.
The a b i l i t y t o do genera l coordinate t rans fo rma t i on
m a t r i x operat ions may a l s o be ava i lab le . Using these
matr i x opera t o r 8, dif fer ent end-e f fec to r configura t ions
and multiple coordinate frames can be specified in t h e
system to calculate t h e posi t ion o f t h e endef fec to r and
t o con t ro l t h e robot based on t h e motion desc r ibed
r e l a t i v e t o d i f f e r e n t o b j e c t s such as t rays , machine
too l s , e t c . De l ta motions - e.g. f i v e inches i n t h e X
d i rec t ion - provide convenient ways o f specifying path
mod i f i ca t i ons t o occur i n r e a l - t i m e based on incoming
sensory data.

Because o f t h e high l e v e l programming language provided,
these type o f systems have come t o b e used as t h e
highest l e v e l con t ro l le r i n the environment, taking on
the aspect o f the coordinator and contro l ler for a whole
workstation. These robot cont ro l lers have f u l l computer
capabil i ty which many of the other components or devices
i n t h e manufactur ing environment do not. Thus, when a
robot c o n t r o l l e r o f t h i s t y p e i s t o be used w i t h machine
too ls , f i x t u r i n g , and t r a n s p o r t devices, more than
l i k e l y t h e supervisory and coordinating programs will b e
w r i t t e n i n s i d e t h e robot c o n t r o l l e r because of t h e
programming language - c a p a b i l i t y t o h a n d l e t h e s e
in te rac t ions and to def ine what t h e o v e r a l l task should
be.

The disadvantage o f t h i s sys tem i s one t h a t i s shared by
a l l l a r g e programming systems. That is, without a very
rigorous h igh - leve l archi tecture t o which t h i s system i s
conf ined i n i t s growth and complex i ty , it can quickly
become a la rge s e t o f sof tware programs tha t are hard t o
undeistand i n t h e i r interact ions, d i f f i cu l t t o t race i n
t h e i r e f f e c t s from modif ications, unpredictable in t h e i r
e x e c u t i o n b e h a v i o r , and, i n g e n e r a l unmanagable,
and t h e r e f o r e u n r e l i a b l e as a system. Most p r e s e n t
robot c o n t r o l l e r s were not in tended t o b e p a r t o f a
l a r g e r system. T h i s t y p e o f c o n t r o l l e r p rov ides t h e
u s e r with t o o l s f o r programming t h e robot. However, as
t h e t a s k s g e t more and more compl icated, t h e r e i s no
guidel ine, t h e r e i s no h i g h e r l e v e l s t r u c t u r e , t o
c o n t r o l t h e growth o f these programs i n any way t h a t
will a l l o w t h e m t o b e e x t e n s i b l e and t o have i n t e r f a c e
c a p a b i l i t y t o o ther systems. It i s a lso d i f f i c u l t t o
c o n t r o l t h e growth i n a way t h a t t h e user can f e e l
confident i n the r e l i a b i l i t y o f the system.
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The tendency t o make t h i s type o f system t h e h i g h e s t
l e v e l con t ro l le r also tends to create a system tha t may
not be e a s i l y i n teg ra ted with y e t l a rge r systems. f i e
robot, which i s a mechanical dev i ce o f about the same
task importance i n the overa l l system as a machine tool,
now has i n i t s c o n t r o l l e r t h e c o n t r o l o f t he robot and
the the supervisory control to coordinate the robot with
t h e machine t o o l and o ther dev ices i n the workstat ion.
In terac t ions w i t h the r e s t o f an automated factory must
now occur through t h e robot c o n t r o l l e r i n order t o
Coordinate the command request into the workstation for
t h e d i f f e r e n t p a r t e t o be made. Th is includes t h e
movement o f new p a r t s and new too l s i n and out o f t h e
workstat ion, accessing t h e data base for t h e p a r t s
p r o g r a m f o r t h e N C t o o l a s w e l l a s f o r p a r t s
d e s c r i p t i o n s from CAD data bases fo r use with sensory
p r o c e s s i n g a l g o r i t h m s . S i n c e t h e w o r k s t a t i o n
coordinating and supervisory programs res ide within t h e
robo t c o n t r o l l e r , t h e i n t e r a c t i o n s o f t h e o t h e r
w o r k s t a t i o n components may not be c l e a r l y de l i nea ted
f r o m the robot 's operat ions, which will r e s u l t i n a
system that i s d i f f i c u l t to understand or reprogram.

11.4. Fourth Generation Control lers

Fourth generation control le -rs are an -area o f research a t
a number of i n s t i t u t i o n s today. The philosophy behind
these cont ro l lers i s t h a t the robot control ler i s but a
modular component o f a l a r g e r i n teg ra ted system. As
such, it will have ce r ta i n constraints imposed upon t h e
des ign and cons t ruc t i on o f the process ing a lgor i thms
t h a t occur within it - t h e type o f i n te r f aces , t h e
information paths, the data flow requirements - so that
it a c t s as an i n t e g r a l but modular component o f t h i s
l a r g e r automated system. This type o f c o n t r o l l e r
provides a l l o f the same capab i l i t i es tha t are avai lable
with t h e t h r e e p r e v i o u s l y d e s c r i b e d c o n t r o l l e r s ,
including t h e advantages t h a t have been obtained by
adding computers t o t h e system. It a l s o prov ides t h e
further advantage o f creat ing a framework for a f l e x i b l e
system, where d i f f e r e n t p a r t s and workpieces can b e
hand led i n d i f f e r e n t work env i ronments . These
c o n t r o l l e r s a r e based on system a r c h i t e c t u r e s t h a t
emphasize sys tem modular i ty where ' the func t ions t o b e
per fo rmed a r e p a r t i t i o n e d and def ined i n a h igh ly
s t r u c t u r e d manner, c r e a t i n g well-bounded modules with
def ined data i n t e r f a c e s tha t will a l l o w f o r d i f f e r e n t
sensors, d i f f e r e n t robots, and even t h e c o n t r o l l e r
i t s e l f , t o be plugged in to d i f f e r e n t configurations.
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A w e l l s t ruc tured system imbeds informat ion about the
operation of the system by t h e very organization of i t s
components. Information maintained i n a r i g i d Structure
h e l p s increase t h e r e l i a b i l t y o f t h e system s ince it
makes t h e system more comprehensible t o t h e user with
every th ing kept i n a s p e c i f i e d place. The s t ruc tu re
provides a mechanism whereby the user, much l i k e using a
road map or a f i l e cabinet , knows where t o f ind a
c e r t a i n processing task i n order t o make addi t ions t o
t h a t task , mod i f i ca t i ons t o it, or t o do d iagnos t i c
ana l ys i s on it. Gener ic modules g r e a t l y reduce t h e
c o m p l e x i t y of t h e system by requ i r ing t h e u s e r t o
understand only a s m a l l number o f processing modules
which are repeated through t h e e n t i r e system.

11.5 Summary

Figure 11.1 summarizes the advantages and disadvantages
of the four types o f c o n t r o l l e r s .

111. NBS CONTROL SYSTEM ARCHITECTURE- -
The N a t i o n a l Bureau o f Standards has concentrated
var ious research e f f o r t s i n t h e area o f i n teg ra ted
con t ro l s t r u c t u r e s f o r fourth gene r a t ion con t ro l l e r s .
I t s i n t e r e s t s a re i n def in ing t h e framework - t h e
organizat ional s t ruc ture and processing requirements -
t o des ign an i n t e g r a t e d , t o t a l l y automated fac tory
system (5-9). A robot contro l ler i s but one component,
one module, i n t h i s i n t e g r a t e d system. It has t o
i n t e r f a c e i n t o t h e o v e r a l l system as a component t h a t
will bhare i t s data w i t h t h e system. It r e l i e s on an
e x t e r n a l d a t a base a d m i n i s t r a t o r t o p r o v i d e t h e
information generated by other components i n t h e system.
The b a s i c work t o date has been i n def ining t h e system
a r c h i t e c t u r e . The a r c h i t e c t u r e (10 , l l ) has two main
components - processing and structural . !!'he processing
a r c h i t e c t u r e d e f i n e s t h e component modules o f t h e
system, how the i n t e r n a l functioning o f each module i s
accomplished and how and w h e n information i s exchanged
between modules. The s t ruc tu ra l architecture describes
how each o f t h e modules i n t e r r e l a t e s i n order t o have
t h e system e x h i b i t t h e d e s i r e d r e a l - t i m e sensory -
i n t e r a c t i v e behav iour.
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111.1 The Processing Architecture

It has been found through exper imentat ion a t NBS over a
number o f years, t h a t c e r t a i n b a s i c techniques have
g rea t l y aided the development o f these complex control
systems. The f i r s t i s t h e use o f t h e input - process -
output s t r u c t u r e t o c rea te well-bounded funct ional
modules w i t h speci f ied data interfaces. The second i s
to use generic st ructures wherever possib le within the
components o f the system. The third technique i s t h e
use o f a common memory based communication mechanism to
move data among a l l t he system components, and the l a s t
i s t o e x e c u t e a l l components i n t h e s y s t e m on a
repetit i v e cycle.

111.1.1 Input -Process -Output

The. input-process -output structure (Figure 111.1) i s the
fundamental building block upon which a l l the processing
within the system will b e based. The goal i s to provide
a system o f funct ional ly w e l l d e f i n e d modules with
i n t e r f a c e s b e t w e e n them t h a t p r o v i d e s a l l t h e
c a p a b i l i t i e s mentioned prev ious ly . The bas i c model
becomes that o f a functional module that processes i t s
input data s e t t o genera te a r e s u l t i n g se t o f output
data. The function t h a t each module performs should be
independent o f other processing tha t -might occur within
t h e system, w i t h in format ion requ i red between modules
being passed only through the in te r f ace data sets. New
capab i l i t i es may be added to t h e system - new sensors,
new a lgo r i t hms f o r d i r e c t i n g robot t r a j e c t o r i e s , new
end - e f f ec to r s - a l l by prov id ing modules t o handle
these components, and in tegra t ing t h e m with t h e other
components o f the system through their data inter faces.
The robot c o n t r o l l e r i t s e l f i s a component de f i ned i n
t h i s manner and may b e i n t e g r a t e d w i t h a h igher l e v e l
c o n t r o l l e r , such as a workstat ion, by meet ing the
in te r f ace data requirements that are defined for it.

A g r e a t d e a l o f ca re has t o be g i ven t o t h e des ign o f
t h e o v e r a l l system based on these type o f modules. It
i s not d i f f i c u l t t o genera te a system o f modules t h a t
are so completely interwoven in t h e i r function t h a t the
modularity i s l o s t and that it i s i’mpossible to c lea r l y
d e f i n e their i n t e r f a c e s . These types o f systems are t o
be avoided since a user cannot understand the function
o f one o f the modules without having to understand what
a l l o f i t s i n t e r r e l a t e d modules do as wel l . Thus8 it i s
ex t reme ly important to emphasize the need t o de f ine w e l l
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bounded f u n c t i o n a l modules w h i c h a r e as c l e a n l y
separated as poss ib le from a l l o ther modules i n t h e
system, so t h a t t h e function o f t h e module can b e
understood by simply looking a t i t s input da ta and
output data and a descr ip t ion o f it processing. I n
addition, t h i s technique f a c i l i t a t e s module test ing and
debugging as, by supplying input data 8ets to a module,
it may be tested i n isolat ion, e i the r before being added
t o the system, or af terwards, t o diagnose a problem.

111.1.2 Generic Processing Structures

Having structured a l l the components of the system in to
t h e input-process -output format, a problem develops i n
that t h e number o f functional modules themselves becomes
la rge making it d i f f i c u l t for the user to in te rac t with
the system. A pr imary method o f dea l ing with t h i s
p rob lem i s t o develop gener ic processing st ructures.
Tha t i s , a t t emp t t o make t h e operation o f t h e modules
look t h e same, so t h a t they appear to be repl icat ion o f
one process ing format. Even though t h e r e a r e a l a r g e
number o f components, t h e u s e r i s not overwhelmed
because, having understood one o f t h e components, h e
knows t h a t h e can understand t h e operat ion o f t h e
remainder - o f t h e components. Th is _ _ use o f gener ic
st ructures i s ext remely important i n the development o f
a successful system.

The use o f the input-process -output structure i s a t y p e
o f gener ic processing. However, h e r e it i s des i red t o
specify a gener ic processing within t h e modules. Th is
s t r u c t u r e can b e v iewed as t h r e e e p a r a t e p rocess ing
operat ions: preprocessing, dec is ion processing, and
post -processing (Figure 111.2).

m e &cision processing i s the major decision mechanism
used t o i d e n t i f y t h e approprate procedures t h a t will
e x e c u t e based on a f e w h i g h - l e v e l v a r i a b l e s . It
s p e c i f i e s t h e v a r i o u s t e s t c o n d i t i o n s and t h e
corresponding output procedures to be executed i f those
t e s t conditions a r e sa t i s f i ed . Preprocessing evaluates,
scales, reduces, and transforms the input data into the
more app rop r i a te se t o f v a r i a b l e s used by t h e d e c i s i o n
processing. Postprocessing picks up t h e extraneous, but
necessary, addi t ional processing required. It performs
such f u n c t i o n s as s a v i n g i n t e r n a l v a r i a b l e s o r
re fo rmat t i ng algori thm r e s u l t s for output or t ransfer t o
other modules.
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This technique o f using a generic processing format does
much to ease the user's in te rac t ion and comprehension o f
each un i t module and can be applied to l a r g e r system
components as well.

111.1.3 Q m m o n Pkmory Based Qmmunicationa

The use of the above generic structures creates a system
of separate components tha t i n te rac t only through t h e i r
input and output da ta i n t e r f a c e s . To connect any two
components, the output data o f one must become the input
d a t a o f t h e other . This i m p l i e s t h a t t h e r e must b e some
method t o t r a n s f e r data between these components. A
communications mechanism has been def ined t h a t uses a
common memory area. A copy o f the output data i s moved
t o a dup l i ca te bu f fe r area i n common memory and f rom
t h e r e moved i n t o t h e input b u f f e r o f the other'module
(Figure 111.3).

This type of communications provides the system with a
number o f advantages. F i r s t , the addi t ion or d e l e t i o n
o f p r o c e s s e s o r components in to t h e s y s t e m i s
s i m p l i f i e d . Data i s t r a n s f e r r e d between components
through an independent l ink, the re fo re each component
may be developed i n isolation by supplying appropriate
t e s t va lues t o i t s input data set. Once t h e modules
have been tested, - they may be integrated by allowing the
communications mechanism to supply t h e i r data. It means
t h a t even when t h e system i s in tegrated, each o f the
process ing modules executes as an i s o l a t e d process
bounded by i t s data interfaces. Whether the input data
t o a module i s supplied by process B or new process B'
i s immater ial . Second, the buffering o f data i n c o m m a
memory i s a convenient structure because it eliminates
any need f o r synch ron i za t i on b e t w e e n sending and
rece iv ing modules. mta i s moved f r o m the f i r s t module
to common memory whenever tha t module i s ready to send
it,and moves f rom common memory to t h e second module
whenever t h a t module i s ready t o rece ive it, t o t a l l y
asynchronous w i t h t h e f i r s t module's execut ion. Th is
helps s impl fy the implementation o f these processes on
multiple distr ibuted computers.

Moreover, t h e ex is tence o f t h e dup l i ca te copy o f these
system b u f f e r s i n common memory makes avai lable to an
a d d i t i o n a l process, such as a d iagnos t ic process, t h e
p r e s e n t va lues of a l l o f t h e c r i t i c a l v a r i a b l e s i n t h e
system. I f t h e communications process i s executed
per iodical ly , then the re i s an i n t e r v a l w h e n t h e data in
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the common memory bu f fe rs are not being altered. Ihring
t h i s time, a diagnostic process can capture and display
th i s data for user evaluation of the real - t ime i n t e r n a l
behavior o f the system.

111.1.4 R e p e t i t i v e Cycling Execution

The rea l - t ime aspect o f control i s based on the concept
o f producing a response t o changes i n input data soon
enough for that response t o be e f fec t i ve . I f a control
c y c l e ( i n which t h e input data i s sampled and t h e
output r e s p o n s e g e n e r a t e d ) i s r e p e a t e d a t a
su f f i c ien t l y fas t rate, t h e system will provide apparent
continuous control i n real - time.

The communication mechanism described above can be used
to def ine t h i s repetat ive processing through the use o f
a per iod ic synchronizat ion pulse. The communication
process can move a l l t h e a v a i l a b l e data t o a l l t he
processes t h a t are ready t o process. A f t e r t h e data
t ransfer i s done, those processes will execute acting on
t h e d a t a p r e s e n t i n t h e i r input b u f f e r s . The
communications process i t s e l f runs p e r i o d i c a l l y o f f a
rea l - t ime clock. This defines t h e basic control cycle.
Every cycle, a f t e r communications has t rans fe r red t h e
data, each p r o c e s s - t h a t i e ready sample i t s data and
generate i t s output response (Figure 111.4). A l l o f
t h e sys tem processing occurs each c y c l e based on t h e
current input d a t a set. This r e a n e t h a t t h e system i s
not event dr iven i n t h e sense tha t an event generates an
interrupt which m o d i f i e s t h e c o n t r o l f low. A l l o f t h e
r e l e v a n t v a r i a b l e s a r e sampled each c y c l e . T h a t
information i s processed through to ta l l y de te rm in i s t i c
preprogrammed algorithms. The system therefore o f f e r s
a v e r y d e t e r m i n i s t i c , we l l - de f ined view o f a con t ro l
algari thm that executes i n rea l - t ime and further, can b e
executed o f f l i n e for diagnostic t es t i ng by supplying t h e
data t o i t s interface.

x 111.1 .S Bene f i t s of the Processing Architecture

This process ing a r c h i t e c t u r e prov ides a framework f o r
breaking t h e process ing o f t h e system in to component
modules, and t o c o n t r o l t h e design o f those modules.
The technique o f bui ld ing t h e sys tem as well -bounded
functions with c lea r l y defined data in te r faces d i rec ts
t h e t o t a l m o d u l a r i t y o f t h e system. D i f f e r e n t
components and capab i l i t i es can be added to the system
by adding new modules that perform t h e desired function
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through a w e l l defined data interface.

By using gener ic processing s t r u c t u r e s i n t h e system,
t h e r e l i a b l i t y of tha t system i s increased. The user
will b e able t o understand how t o bu i ld t h e system t o
make it do what he wants it t o do and to understand how
it i s working. Moreover, h e will be ab le t o modify or
add p ieces to t h e system i n a st ruc tu red manner t h a t
will ensure that those changes will s t i l l maintain the
correct operation o f the system.

The common memory communication mechanism along with the
well-bounded modules with data interfaces helps provide
a s y s t e m w i t h a highly i n t e r a c t i v e u s e r - f r i e n d l y
programming environment. A t y p i c a l problem with large
complex systems i s t ha t even though t h e ind i v i dua l
subcomponents may be understood and that t h e i r a c t i o n
w e l l d e f i n e d and w e l l spec i f ied , t h e i r behavior when
assembled together in large systems i s of ten unexpected.
By us ing a d i a g n o s t i c t o o l t o d i s p l a y t h e sys tem
parameters f rom common memory during execut ion, the
user can more eas i l y understand, and therefore improve,
on the system performance.

The r e p e t i t i v e -sample con t ro l s t ruc tu re a l l o w s f o r a
t o t a l l y de te rm in is t i c control system in which components
can be eva luated p iece by p i e c e and which will behave
o f f line, i n the non-real - t ime non-integrated condition,
as they will in the e n t i r e integrated system.

I11- 2 The Structural Architecture

. A s t ruc tura l archi tecture for a fourth generation robot
c o n t r o l l e r t h a t i s a component part o f a la rge r system
a r c h i t e c t u r e fo r an e n t i r e automated f a c t o r y has been
developed a t NBS. The robot c o n t r o l l e r i s one module
between a works ta t ion c o n t r o l l e r and a robot jo in t
control ler , with access to sensory processing and world
model data r e l e v a n t to t h e type o f task t h a t it will
h a n d l e (F igu re 1 I I . s ) . Seve r a1 im p l e men t a t i o n
techniques have been developed which, w h e n applied with
t h e methods o f t h e process ing a rch i t ec tu re , organize
complex informat ion processing i n t o a f l e x i b l e system
which will e f f e c t i v e l y provide sensory - interact ive rea l -
t i m e c o n t r o l (12) . These include the use o f gener ic
p r o c e s s i n g l e v e l s t h a t p e r f o r m h i e r a r c h i c a l t a s k
decomposition, the spec i f icat ion of in te r faces between
control leve ls , and the separation o f task and data for
a l l components of the system.
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111.2.1 Generic Task Decomposition Levels

The overa l l s t ructura l architecture i s based on a set o f
generic levels, generic processing modules, that perform
t h e h i e r a r c h i c a l t a s k decompos i t ion o f t h e input
commands for the robot control ler. Figure 111.6 shows
a robot control ler defined as a set of three processing
l e v e l s . The concurrent operat ion o f these con t ro l
l e v e l s provides a stepwise decompositiosl o f high l e v e l
t a s k s in to success ive ly s imp le r and s i m p l e r component
subtasks. By only requiring each l e v e l to decompose the
task a little further i n t h e nex t lower s e t o f subtasks,
it i s r e l a t i v e l y s imp le t o comprehend and manage t h e
control function of each level.

It i s ve ry d e s i r a b l e t o make t h e s e con t ro l l e v e l s as
gene r i c as p o s s i b l e - t h a t i s have e s s e n t i a l l y t h e
i d e n t i c a l p r o c e s s i n g s t r u c t u r e s - so t h a t hav ing
understood how one o f the control l e v e l s performs, it i s
fa i r ly straightforward to understand how a l l the others
per form. T h i s a l l ows t h e user, as w e l l as t h e system
designer, to crea te systems that are re l iab le , modular,
and t o develop plug compatible i n t e r f a c e s through t h e
data sets t h a t bound each of these modules. m e generic
c o n t r o l l e v e l i s de f i ned as a process t h a t will do a
p a r t i a l task decomposition of i t s hpu t c o m m a n d into a
sequence o f no t more than seven or e igh t subcommands.
The l e v e l i s thus structured in the input-process -output
fo r mat.
Keeping with t h e p r o c e s s i n g a r c h i t e c t u r e prev ious ly
discussed, processing within the l e v e l has been further
d e f i n e d and p a r t i t i o n e d i n t o a preprocess ing , a
decision -processing, and a post -processing phase. The
major decision processing tha t occurs within a l e v e l i s
t o t a k e t h e input command, re levan t data from t h e
sensory p rocess ing /wor ld model, and s t a t u s from t h e
l e v e l below, and dec ide on t h e nex t output command,
output s t a t u s and reques t f o r t h e sensory system
(Figure 111.6). T h i s i s t h e major dec i s i on process ing
t h a t o c c u r s within t h i s c o n t r o l l e v e l . T h e
preprocessing fo r a c o n t r o l l e v e l i s used t o take the
input data and conver t or sca le i t ' t o c rea te v a r i a b l e s
t h a t will s i m p l i f y t h e d e t e r m i n a t i o n o f t h e n e x t
subcommand. The post - processing phase i s used t o
per fo rm u t i l i t y functions such as reformatt ing data and
mai nt a i ning int e m a1 s ta tus.
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Each of the d i f f e ren t control l eve l s can be described by
t h i s g e n e r i c type of processing. The func t iona l
processing within each l e v e l i d e n t i f i e s for t h e user
where appropriate information should be contained. This
increases t h e ease with which t h e user can upgrade t h e
c a p a b i l i t i e s o f t h e syatem, such a e deciding where t o
add add i t i ona l sensors. The gener ic s t r u c t u r e o f each
o f these major components ( t h e l e v e l s ) p rov ides t h e
c o n s i s t e n t framework f o r t h e user t o know where each
module belongs within the system.

Por example, the robot contro l ler i n Figure 111.6 shows
a three l e v e l task decompoaition. The TASK l e v e l takes
input commands f rom t h e workstat ion and generates
subcommands that define major end points for the robot
motions. The ELEMENTAL -MOVE (E-MOVE) l e v e l generates
t r a j e c t o r y segment g o a l po in ts t ha t d e f i n e a complete
path to an end point. The PRIMITIVE l e v e l generates each
o f t h e i n t e r m e d i a t e path po in t s along t h e t r a j e c t o r y
segments required to move the robot to the goal points.

Consider the addition o f a v is ion system that i s capable
o f prov id ing ranging, fea tu re de tec t i on and ob jec t
recogni t ion. I d e n t i f i c a t i o n of where these d i f f e r e n t
types o f i n fo rma t i on should be added t o t h e system i s
made s t r a i g h t f o r w a r d through the system st ructure.
Ranging informat ion i s appropr ia te a t <he PRIMIT IVE
l e v e l since it i s doing high speed servoing o f the robot
motion. Pull object recognition i s most appropriately
added a t the TASK l e v e l s i nce it i s concerned w i t h major
m o t i o n s o f t h e robot. The a c t u a l a l g o r i t h m s f o r
handling t h i s sensor data a t each l e v e l a r e e a s i l y
included in to t h e code because o f t h e we l l - de f ined
framework o f the processing structure.

111.2.2 Qntro l Interfaces

Each g e n e r i c con t r o l l e v e l i s connected through data
inter faces to three other components within the system.
There i s an i n t e r f a c e t o a co - t ro l l e v e l above t h a t
performs a higher l e v e l decomposition. This in ter face
i s composed o f two bu f fe rs - a command buffer from and a
s t a t u s b u f f e r t o t h e higher leve l . In l i k e manner,
t h e r e i s a s i m i l a r i n t e r f a c e t o a con t ro l l e v e l below
that consis ts o f a command buf fer down and status bu f fe r
back f rom t h i s l owe r l eve l . There i s an i n t e r f a c e
h o r i z o n t a l l y t o the sensory process ing /wor ld model
system, which inc ludes t h e request b u f f e r t o t h i s
system and the feedback response buffer.
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These t h r e e major i n t e r f a c e s rurround each o f t h e
generic control levels. Viewed differently, they act as
as a s e t o f input data t h a t i s processed t o generate a
s e t o f output data. The input data i s t h e command i n
from t h e l e v e l above, the sensory proceasing/world model
feedback, and the status coming i n f r o m the l e v e l below.
The function o f the control l e v e l i s to take those th ree
major data in ter faces and generate the output data which
c o n s i s t s o f a command out, a sensory process ing/wor ld
model request out, and a status out t o t h e l e v e l above.

The in ter faces that e x i s t between these control l e v e l s
then, become t h e i n t e r f a c e s t h a t a l l ow for t h e t y p e o f
modular i ty requi red i n t h e sys tem (Figure 111.5). The
gene r i c task cont ro l ler decomposes the task in to s impler
subtasks un t i l eventually the task i s described i n terms
o f t h e sequence o f pos i t i ons and o r i en ta t i ons of the
end - e f fec to r i n space. T h i s in format ion can then be
passed across the in te r face t o a robot joint controller.
This in te r face can potential ly be i n a robot independent
f o r m . The funct ion o f t h e robot j o in t c o n t r o l l e r then
becomes the transformation of the in ter face information
i n to t h e j o i n t va lues f o r a p a r t i c u l a r robot t h a t are
required to or ient and posi t ion the erd -effector a t the
commanded pose. -

The in f - o rma t ion t h a t comes f rom t h e . w o r k s t a t i o n
contro l ler of ten defines an in te r face of the same type.
T h a t i s , t h e commands t h a t a r e i s s u e d f r o m t h e
workstation control ler are generic t o the task, not the
p a r t i c u l a r robot or robot c o n t r o l l e r t h a t ' s involved.
A l i t h a t i s requ i red i s t h a t those input commands can b e
be decomposed by t h e p a r t i c u l a r robot c o n t r o l l e r and
status reported back t o the workstation according to the
defined i n t e r face infor mat ion.

The in te r f ace t o the sensory pracessing/world model i s
r e a l l y a s e r i e s o f i n t e r f a c e s , one t o each o f t h e
d i f f e ren t con t ro l leve ls found i n the architecture. The
high l e v e l in fo rmat ion , l i k e t h a t o f whole ob jec t
recogn i t i on i s an i n t e r f a c e i n t o t h e TASK l e v e l . A n
i n t e r f a c e con ta i n i ng f e a t u r e or f o r c e and to rque
information would be t o the E-MOVE l e v e l s ince t h i s type
o f feedback usually a f f e c t s the rea l - t ime modi f icat ion
o f trajectory segments. An in te r face describing perhaps
touch or proximity or some other component of force and
torque might be d a t a t h a t i s used by t h e P R I M I T I V E l e v e l
t o modi fy i n t e r m e d i a t e p o i n t s o f t h e t r a j e c t o r y ,
servoing the robot's motion every control cycle.
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These in te r faces o f f e r t he p o t e n t i a l for providing plug
compa t i b i l i t y with many d i f f e r e n t types of sensors o r
other components with the controller. If the contro l ler
cons i s t s o f funct ional modules bounded by c l e a r l y
de f ined in te r f aces , and i f a proper communication
s t r u c t u r e i s se t up such t h a t these a r e not d i r e c t l y
coupled with t h e elements t h a t a re developing the
informat ion on the o the r s i d e o f the in te r f aces , t h e n
these b locks can become d i f f e r e n t components that can be
plugged together i n d i f fe ren t nays without resul t ing i n
a bundled system.

111.2.3 Task and Data Independence

I n o r d e r f o r t h e s y s t e m t o d i s p l a y t h e t y p e o f
f l e x i b i l i t y r e q u i r e d i n an automated factory, it i s
important that the data, as much as poseible, be total ly
separa ted f r o m t h e a c t u a l a lgor i thms fo r each o f the
modules. A l l o f t h e process ing within the system
should be done i n terms of symbolic v a r i a b l e s whose
values can be supplied a t execution t ime. m e r e should
be no constants imbedded within the code.

For example, the t ransfer task - to move an object from
one point t o another - i s de f i ned by Lhe decomposit ion
algori thm tha t has the following subcomponent actions:
move t o some source locat ion, pick up an object , move t o
some d e s t i n a t i o n locat ion, se t down t h e object , and
withdraw. That task decomposition i s independent o f
whatever t h e ob jec t i s , and wherever t h a t ob jec t i s t o
b e p icked up and put down. The pa r t i cu la r numer ic
representat ion that def ines the object and the locat ions
i n space it i s t o be moved through, i s t h e data tha t
must b e separated e n t i r e l y f r o m the task. Using t h i s
techn ique , it i s p o s s i b l e t o think o f g e n e r i c
c o n t r o l l e r s t h a t a r e programmed t o c a r r y out whole
c l a s s e s o f t a s k decompos i t ions which accept a t
execu t i on t i m e t h e da ta t h a t s p e c i f i e s t h e p a r t i c u l a r
ob jects, part icular locations, part icular workstations,
p a r t i c u l a r r o b o t s , t h a t have t o b e used f o r one
part icular task.
Thus, t h e data i n t h e system tha t de f i nes t h e s p e c i f i c
instances o f t h e p a r t s t o b e handled, the t r a j e c t o r y
p a t h s through t h e workspace e tc , i s t o t a l l y separated
f r o m t h e algor i thms. It can b e c rea ted o f f - l i ne ,
perhaps developed through a CAD system, or through some
other o f f - l i n e programming environment, t o be loaded
in to the sys tem when t h e p a r t i c u l a r task i s t o b e
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executed. The par t i t i on ing of t h e c o n t r o l a lgo r i t hms
f r o m t h i s d a t a will p r o v i d e a mechanism fo r t h e
f l e x i b i l i t y t h a t i s des i r ed i n the f ina l system. That
i s , t h e a l g o r i t h m s f o r a p a r t i c u l a r t a s k can b e
t r a n s f e r r e d to d i f f e ren t workstations, and loaded with
the data pertinent to that workstation and tha t task can
s t i l l be accomplished even though it had not been
"taught " o r " programmed " , i n the t rad i t iona l sense, for
t h i s spec i f ic p a r t on the new workstation.

111.2.4 Summary

The or ig ina l requirements tha t were placed on the system
were modularity, f l e x i b i l i t y , and r e l i a b i l i t y . The
system i s modular i f d i f f e r e n t sensors could be added
fo r a par t i cu la r task, i f t h e con t ro l le r can in te r f ace
t o d i f f e r e n t robots al lowing one robot t o be substituted
f o r another i n a workstat ion, i f one t r a j e c t o r y module
could b e subst i tu ted for another, or i f d i f f e r e n t
works ta t ion c o n t r o l l e r s could t a l k t o t h e same robot
con t ro l l e r . Th i s t y p e o f modular i ty, being a b l e t o
plug these un i t s together i n much t h e same way tha t a
s t e r e o sys tem can b e con f igu red w i t h d i f f e r e n t
componen ts , r e q u i r e s a v e r y s t r i c t and r i g i d
a r c h i t e c t u r e and s t r u c t u r e o f t h e system t h a t a l l o w s
components t o b e developed as independent func t i ona l
modules with w e l l def ined data interfaces. The system
must a lso b e structured so that where each component i s
t o b e added i s r e a d i l y apparent. I n addit ion, t h e
system must provide a mechanism to execute each o f these
ind iv idual components as a unit, t r ans fe r r i ng data among
them and s t i l l mainta in ing t h e timing requ i rements t o
provide s tab le rea l - t ime behaviour.

F l e x i b i l i t y i s the abi l i ty to handle the mult ipl ici ty of
work 'pieces, t o e a s i l y program d i f f e r e n t tasks, and t o
def ine d i f f e r e n t t ra jectory paths through space involved
with d i f f e r e n t tasks . T h i s a b i l i t y r e q u i r e s a
s t r u c t u r e where on l y t h e d a t a t h a t d e s c r i b e s t h e
numerical values of the new coordinates of t h e system,
or s izes of the pa r t s , or loca t i ons o f trajectory points
need be a l t e r e d . I d e a l l y , these can b e a l t e r e d f r o m
some higher l e v e l o f f - l i n e system, such as an o v e r a l l
CAD system. The s e p r a t i o n o f task .a lgor i thms f r o m t h e
data c r e a t e s a system where it i s p o s s i b l e t o think o f
o f f - l i n e programming through d a t a s t r u c t u r e s without
having t o reprogram con t ro l l e r s to handle the task to be
accompl i shed . T h i s adds a t remendous amount o f
f l e x i b i l i t y i n t h e s y s t e m , a l though it c r e a t e s
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addi t ional complexity i n trying to develop these type o f
st ructures.
R e l i a b i l i t y i s provided by an a r c h i t e c t u r e t h a t so
i d e n t i f i e s t h e components o f t h e system t h a t t h e user
can quickly f ind and loca te and zoom i n on any aspect o f
the system to understand exact ly how i t s working a t some
l e v e l o f de ta i l . The user must i n t e r a c t i v e l y be able t o
i d e n t i f y how each function reac ts to changes i n input
data, be ab le t o s e t up condit ions so t h a t t h e systeia
can run i n r e a l - t i m e , with a l l o f t h e p r o c e s s e s
execu t ing i n p a r a l l e l and w i t h t h e use r s t i l l ab l e t o
t rack and d isp lay and observe t h e d i f f e r e n t i n te rna l
s ta tes of the system.

Much o f t h e processing and s t r u c t u r a l a r c h i t e b t u r e
described has been based on the concept that people can
only d e a l with a s m a l l amount o f in fo rmat ion a t one
t i m e . The system i s b u i l t as a se t o f modules, each o f
w h i c h t o t a l l y bounds a c e r t a i n a m a l l p a r t o f t h e
function and being a b l e to understand the workings o f
a l l o f the parts, enhances the users ability to in te rac t
with, dea l with and understand the function o f t h e
in teg ra ted system. I n addit ion, by maintaining all o f
the modules i n a generic structure, a generic framework,
t o process information i n t h e same way, to use the same
major data inputs and outputr, c rea tes a very f a m i l i a r
environment a t each l e v e l t o t h e user. Th is will
ul t ima te l y r e s u l t i n a more r e l i a b l e system.

Th is whole area o f four th generat ion c o n t r o l l e r s i s
st i l l i n need o f a d d i t i o n a l r e s e a r c h b e f o r e i t s
f e a s i b l i t y i n t o t a l l y automated systems o f reasonable
functional complexity can be ver i f ied .
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